Pasteurella multocida is a Gram-negative bacillus that infects a number of wild and domestic animals, causing respiratory diseases. Toxigenic Pasteurella multocida strains produce a protein toxin (PMT) that leads to atrophic rhinitis in swine due to enhanced osteoclastogenesis and the inhibition of osteoblast function. We show that PMT-induced osteoclastogenesis is promoted by an as-yet-uncharacterized B-cell population. The toxin, however, is not acting at the level of hematopoietic stem cells, since purified CD117
Pasteurella multocida belongs to the group of Gram-negative bacteria and has been isolated from chronic respiratory infections in various wild and domestic animals (13, 19) . Toxigenic Pasteurella multocida strains secrete a 146-kDa protein toxin, PMT, that is taken up by host cells through receptor-mediated endocytosis (10, 40) . In pigs, Pasteurella multocida causes atrophic rhinitis characterized by PMT-stimulated osteoclastic bone resorption at the nasal turbinates (12) and inflammation of the nasal mucosa (24) . The cellular targets of PMT are the heterotrimeric G proteins G␣ q , G␣ 13 , and G␣ i (36, 37, 58, 61) , which PMT renders constitutively active through deamidation of a conserved glutamine residue to glutamate (38) . PMT is a known mitogen for a variety of cell types such as fibroblasts (44) , bladder epithelial cells (18) , or osteoclasts (30) . Activation of intracellular host cell signaling cascades downstream of the heterotrimeric G proteins may lead to proliferation (26) or protection from apoptosis (41) . Although many of the PMTmodulated signaling cascades have been identified, it is still under investigation whether these changes eventually elicit immunomodulation of the host.
Although the detailed mechanism of PMT on osteoclast activity is largely unknown, phenotypically, PMT induces the differentiation of preosteoclasts into osteoclasts (22, 30) , eventually causing increased bone resorption of nasal turbinates. In addition, PMT seems to inhibit effective bone regeneration through osteoblasts (33) . In mammalians, bone cells regulate the integrity of the skeleton, while the immune system controls the detection and destruction of invading pathogens. Interestingly, there is a strong cross talk between these two systems that led scientists to define the emerging field of osteoimmunology (3, 31) . The bone-destructing osteoclasts are multinucleated cells that form from the fusion of mononuclear precursor cells developed from macrophages and are therefore hematopoietic cells. Osteoblasts, on the other hand, originate from mesenchymal progenitor cells that have the potential to differentiate into stromal cells or adipocytes (5) . Differentiation of myeloid precursor cells into osteoclasts is stimulated by hematopoietic growth factors such as granulocyte-macrophage colony-stimulating factor, macrophage colony-stimulating factor, and the osteoclastogenic factors interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-␣) from stroma, monocytes, and lymphoid cells (17, 29, 39) . The receptor activator of NF-B ligand (RANKL), a member of the TNF ligand family, is produced by osteoblasts and marrow stromal cells, as well as T and B cells (23) , and plays a central role in osteoclastogenesis. RANKL attaches to its receptor RANK on the cell surface of osteoclasts and osteoclast precursors, stimulating proliferation and differentiation of the cells into osteoclasts and also osteoclast survival (27, 51, 59) .
In our studies we aimed to investigate how the bacterial toxin PMT can induce osteoclastogenesis and whether it disturbs bone homeostasis by stimulating the secretion of molecules with a known regulatory function in osteoclast formation. In summary, we found that murine primary bone marrow-derived B cells are a target of PMT and that catalytically active toxin causes the expansion of B cells. These cells secrete the osteoclastogenic factors IL-1␤, IL-6, and TNF-␣ and show elevated mRNA and protein expression levels of the RANKL. Therefore, the B lymphocytes strongly support PMT-induced differentiation of macrophages into mature osteoclasts. Our results give a first mechanistic description of the effects of PMT on murine hematopoietic progenitor cells and add to the understanding of the physiological cross talk between bone cells and the immune system.
MATERIALS AND METHODS
Antibodies. Antibodies were obtained from BD Biosciences (anti-mouse CD117-PE, CD11b-APC, CD11b-fluorescein isothiocyanate [FITC] , and B220-APC antibodies; secondary antibodies anti-rat-phycoerythrin [PE] , and anti-rat-FITC), eBioscience (anti-mouse CD115), ImmunoTools (anti-mouse CD3-PE, B220-PE, Gr.1, CD4-PE, CD62L-PE, CD25-PE, and CD11b-PE), BioLegend (anti-mouse RANK-PE), and Santa Cruz Biotechnologies (anti-mouse RANKL and osteopontin [OPN] ).
Cell culture. Bone marrow cells were isolated from the femur of 6 to 12 weeks old C57BL/6 mice. Mixed bone marrow cells (3 ϫ 10 6 cells/ml) were cultured up to 14 days in RPMI 1640 medium (Biochrom AG), containing 20% cytokine-free fetal bovine serum (FBS; ES-Cult-Hematopoietic Differentiation; Cell Systems) and 1% Pen/Strep (PAA Laboratories). Cells were stimulated with a single dose of 6.5 nM PMT wt per 7 days. After 7 days fresh medium was added (1/4 of the volume).
Cell sorting. CD117 ϩ , B220
ϩ , and CD11b ϩ cells were selected from bone marrow cells by using MicroBeads (Miltenyi Biotec) according to the manufacturer's protocol and performing the AutoMACS POSSEL program (Miltenyi Biotec). Purity was determined by fluorescence-activated cell sorting (FACS) staining with anti-mouse CD117-PE, anti-mouse CD11b-PE, or anti-mouse B220-PE antibodies and analysis with a BD FACSCanto workstation and BD FACSDiva software (BD Biosciences).
Hematoxylin and eosin staining. Paraformaldehyde (4%)-fixed cytospin bone marrow cells treated for 7 days with PMT wt (6.5 nM) or left unstimulated were incubated with hematoxylin (Mayer's Haemalaun, T865.1; Roth) for 10 min at room temperature to stain the nucleus. After being washed with water, the cells were incubated with eosin (0.5% aqueous Eosin G solution; Roth) for 15 min at room temperature to stain the cytoplasm. For microscopy (Leica Microsystems GmbH), cytospins were mounted with glycerin-phosphate-buffered saline (PBS; Merck) and covered with a coverslip.
Measurement of cell viability. Bone marrow cell survival was determined by quantification of cellular ATP using the Cell Titer Glo assay (Promega). A total of 5 ϫ 10 4 cells/ml were seeded in a 96-well plate and stimulated with PMT wt , heat inactivated PMT wt ⌬T (65°C, 15 min), the catalytically inactive mutant PMT C1165S (all 6.5 nM) or left unstimulated. After 7 days cells were processed according to the manufacturer's protocol, and the luminescence was determined by using a LUMIstar Optima luminometer and Optima reader control software (BMG Labtech).
Flow cytometry (FACS). Briefly, cells were washed with PBS-10% FBS, blocked for 30 min in PBS-10% FBS, and incubated with the corresponding antibodies in PBS-10% FBS for 1 h at 4°C. After three washes with PBS-10% FBS, cells that were stained with an unlabeled primary antibody were incubated with the appropriate secondary antibody for 30 min at 4°C and washed again three times. Quantification was done by FACS analysis using a BD FACSCanto workstation and BD FACSDiva software (BD Biosciences).
PMT labeling. Recombinantly produced PMT (8) was labeled with fluorescent Atto-647 (ATTO-TEC). A portion (1 mg) of PMT was dialyzed (Slide-A-Lyzer dialysis cassette; Thermo Scientific) against 10 mM PBS (pH 8.3). The aminereactive dye was dissolved in anhydrous dimethyl sulfoxide, and the concentration was determined photometrically. The protein was incubated with a 2-fold molar excess of reactive dye for 1 h at room temperature in the dark. Free dye was removed by gel filtration (Column PD-10 [GE Healthcare] with Sephadex G-50 [Sigma-Aldrich]). The column was preequilibrated with PBS (10 mM, pH 8.3) and labeled PMT was eluted by centrifugation at 100 ϫ g.
PMT uptake assay. Freshly prepared bone marrow cells were incubated with Atto-647-labeled PMT for 4 h at 37°C. After the cells were washed five times with PBS, FACS analysis was performed with antibodies against cell-type-specific surface markers, such as Gr-1 (granulocytes), CD117 (stem cells), CD3, CD25, CD4 (T cells), B220 and IgM (B cells), CD11b (macrophages), CD62 (endothelial cells), and Ter119 (erythroid cells). FACS analysis was performed using a BD FACSCanto workstation and BD FACSDiva software (BD Biosciences).
Phagocytosis assay. PMT wt bone marrow cells were stimulated for 6 days before incubation with yellow-green fluorescent latex beads (#L4530; SigmaAldrich) for 30 min at 37°C. As controls, cells and beads were either incubated at 4°C (negative control) or macrophages (positive control). Macrophages were generated by selection of bone marrow cells for 6 days with 30% L929 cell conditioned medium (L929-CM) (2) . After four washes with PBS, the amount of phagocytosed fluorescent beads was quantified by using a BD FACSCanto workstation and BD FACSDiva software (BD Biosciences).
Quantitative real-time PCR. B220 ϩ and B220 Ϫ bone marrow cells were stimulated with PMT wt (6.5 nM) for 4 or 6 days or with 10 ng of IL-7 (NatuTec)/ml for 5 days. RNA was extracted by using a High-Pure RNA isolation kit (Roche) according to the manufacturer's protocol. CDNA was prepared by using a Revert Aid First-Strand cDNA synthesis kit (Fermentas). Aliquots of the cDNA were subjected to quantitative reverse transcription-PCR (RT-PCR) analysis using SYBR Green Rox mix (Thermo Scientific) with the following primers: GAPDH, sense (5Ј-TCCCATTCTTCCACCTTTGATG-3Ј) and antisense (5Ј-GTCCACC ACCCTGTTGCTGTA-3Ј; murine RANKL, sense (5Ј-AGCCGAGACTACGG CAAGTA-3Ј) and antisense (5Ј-GCGCTCGAAAGTACAGGAAC-3Ј); murine IL-6, sense (5Ј-AACGATGATGCACTTGCAGA-3Ј) and antisense (5Ј-CTCTG AAGGACTCTGGCTTTG-3Ј); murine TNF-␣, sense (5Ј-AAAATTCGAGTG ACAAGCCTGTAG-3Ј) and antisense (5Ј-CCCTTGAAGAGAGAACCTGGG AGTAG-3Ј); murine IL-1␤, sense (5Ј-ACTCATTGTGGCTGTGGAGAAG-3Ј) and antisense (5Ј-GCCGTCTTTCATTACACAGGAC-3Ј); murine actin, sense (5Ј-CCCTGTGCTGCTCACCGA-3Ј) and antisense (5Ј-ACAGTGTGGGTGA CCCCCTC-3Ј); and murine Cathepsin K, sense (5Ј-ATGTGGGGGCTCAAG GTTCTG-3Ј) and antisense (5Ј-CATATGGGAAAGCATCTTCAGAGT-3Ј). The results were analyzed by using the Fast Real-Time PCR system (Applied Biosystems). All results were normalized with respect to the reference genes GAPDH or actin.
Enzyme-linked immunosorbent assay (ELISA). Isolated B220 ϩ cells were treated for 5 days with 10 ng of IL-7 or 6.5 nM PMT wt /ml. To measure the secretion of IL-1␤, IL-6, and TNF-␣, enzyme-linked immunosorbent assays (ELISAs) were performed according to the manufacturer's protocol (BD OptEIA mouse IL-1␤, mouse IL-6, and mouse TNF-␣ ELISA SET). Assays were quantified with the microplate reader Sunrise and Magellan software (Tecan).
Coculture experiments. B220 ϩ cells and CD11b ϩ cells were selected by AutoMACS cell purification. From these purifications, five different fractions were generated: BMC mix (without isolation), B220 ϩ cells (positive cells from B220 ϩ isolation), B220 Ϫ cells (negative cells from B220 ϩ isolation), CD11b 
/CD11b
Ϫ cell fraction (CD11b depletion and subsequent B200 removal). After 14 days of PMT wt stimulation, cells were stained for the osteoclast marker RANK and analyzed by using a BD FACSCanto workstation and BD FACSDiva software (BD Biosciences).
RESULTS
Studies on the signal transduction of the toxin in mammalian host cells show that the Pasteurella multocida toxin PMT is a potent mitogen (44) . It was established that PMT influences the differentiation of macrophages, which are osteoclast progenitor cells, into mature osteoclasts (16), but it is unknown what triggers this differentiation process. We therefore investigated how PMT influences the differentiation of murine hematopoietic progenitor cells.
To investigate whether PMT has effects on cells other than direct osteoclast progenitors, we prepared total bone marrow cells containing hematopoietic progenitor cells from C57BL/6 mice. The harvested mixed progenitor cells were cultivated for 7 days in the presence or absence of PMT wt in cytokine-free medium. A cytospin and subsequent hematoxylin and eosin staining were performed to investigate the morphology of the cells microscopically. While cells left untreated ( from their size and morphology, smaller, round cells were also detectable (ϳ10 m). To investigate whether the catalytic activity of PMT was required for this effect, we used an inactive mutant PMT C1165S (57) that contains a mutation in the catalytic center of the toxin (38) . In addition, we tested heatinactivated PMT wt (65°C, 16 min) to exclude contaminations by bacterial cell wall components such as lipopolysaccharide (LPS) during the preparation of recombinant toxin (8) . Toxin activity was assessed by measuring cell survival through quantification of cellular ATP using a Cell Titer Glo assay. To that end, 5 ϫ 10 4 cells/ml were seeded in a 96-well plate and stimulated with PMT wt , PMT C1165S , heat-inactivated PMT (PMT ⌬T), or left unstimulated. After 7 days, quantification of viable cells showed that only treatment with PMT wt had a significant stimulating effect on bone marrow cell proliferation (Fig. 1B) . Since PMT C1165S or heat-inactivated PMT-stimulated bone marrow cells died during cultivation, we only used cytokine-free culture conditions as a negative control in the following experiments.
In order to unambiguously identify the cell populations detected in Fig. 1A , we used a number of lineage-specific surface markers, such as Gr-1 (granulocytes), CD117 (stem cells), CD3, CD4, and CD25 (T cells), B220 and IgM (B cells), CD11b (macrophages), CD62 (endothelial cells), and Ter119 (erythroid cells) to characterize the cells by FACS analysis. Figure 1C summarizes our results as a graph and shows that only three of the antibodies used tested positive, namely, the B-cell-specific markers B220 and IgM, as well as CD11b, a marker for macrophages. To date, only macrophages and osteoclasts have been reported to be generated after incubation of bone marrow cells with PMT, thus we wanted to corroborate our finding that PMT wt causes the expansion of bone marrowderived B cells. In the subsequent double staining with the typical B-cell markers B220 and CD19, we found at least 90% of the cells within the lymphoid cell population (left panel) to express these markers (Fig. 1C) . Next, we purified B220 ϩ cells from PMT-treated bone marrow cells using MACS cell purification and performed a double staining with anti-B220 and an antibody against IgM, as the most specific marker for B cells. More than 75% of all B220 ϩ cells express IgM on their surface, which thus can be unambiguously identified as immature B cells. The approximately 25% of cells that are positive for B220 but negative for IgM are probably more immature cells and may represent pro-or pre-B cells.
To verify that these two cell populations, identified as B cells and macrophages, were targets of PMT, we produced fluorescently labeled PMT (PMT Atto-647) and verified the uptake of PMT by FACS analysis. Murine bone marrow cells were prepared and incubated with PMT for 4 h. Approximately 70% of all living cells present took up PMT (Fig. 1D, left panel) . To detect the specific uptake of PMT by B cells and macrophages, we identified the respective cells by B220 or CD11b staining (middle and right panel). A total of 70% of the B220 ϩ population (i.e., 17.7% of all cells) were able to take up PMT. Macrophages on the other hand represented ca. 36% of the bone marrow mix, and all of these cells were able to take up PMT. Whether this is due to receptormediated uptake by which the toxin is known to enter cells or due to phagocytosis cannot be clarified from these experiments. Furthermore, we determined the uptake of PMT by other hematopoietic cells to investigate whether these cells that were not present after PMT selection had not been able to take up PMT or whether these cells initially took up the toxin but did not survive. Ter119
ϩ bone marrow cell and splenic CD4 ϩ T cells also have the ability to take up PMT to a varying extent (data not shown).
When we investigated the macrophage containing cell population for CD11b expression, we found 95% of these cells (circle in left panel) stained positive for macrophages ( Fig.  2A) . To characterize these cells in a functional assay, we performed a phagocytosis assay using FITC-labeled latex beads. As a positive control, macrophages were generated by culturing bone marrow cells for 6 days in RPMI 1640 medium containing 30% L929 cell conditioned medium. Both PMT wt and L929-CM differentiated cells were able to phagocytose the labeled beads to the same extent, as detected by FACS analysis for FITC-positive cells (Fig. 2B) . To check whether the macrophages could be further differentiated into osteoclasts, a mixed preparation of murine bone marrow cells was incubated with PMT wt and checked for the development of osteoclasts after 10 to 14 days of incubation. At that time, cells with typical osteoclast morphology had formed and were detectable as large, multinuclear cells (ϳ40 m) that contained extensive vacuoles (Fig. 2C) . In addition, we confirmed the formation of osteoclasts by FACS analysis using an osteoclast specific surface marker, the receptor activator of nuclear factor receptor RANK (Fig. 2D) . While the left panel shows an increase in cell size and granularity between cells after 7 days (Fig. 2A, left  panel) and those cultivated for 14 days (Fig. 2D, left panel) , the right panel of Fig. 2D shows that at that time ca. 44% of the cell population is RANK positive. To corroborate this, we wt treatment (6.5 nM, 12 days), IL-7-generated B cells (10 ng/ml, 5 days), and L929-generated macrophages (30% L929-CM, 6 days) were analyzed by quantitative RT-PCR using cathepsin K-specific primers and normalization to actin expression. The indicated SD was calculated from two independent experiments (mean Ϯ SD; n ϭ 2).
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on October 2, 2017 by guest http://iai.asm.org/ analyzed the cells for expression of the cathepsin K gene since this lysosomal cysteine protease is predominantly found in osteoclasts (54) . Figure 2E shows that after 12 days of stimulation with PMT wt the generated osteoclasts have a 200-fold higher expression of cathepsin K than B cells selected with IL-7 or L929-CM selected macrophages that were used as controls (Fig. 2E) . In summary, the data prove the generation of osteoclasts through treatment of bone marrow cells with PMT wt . To determine whether PMT wt modulates hematopoietic cell differentiation at the level of hematopoietic stem cells and early progenitors, we purified stem cell receptor (CD117)-expressing cells from murine bone marrow cells, before adding PMT wt . The CD117 ϩ population initially contained ca. 48% of CD11b ϩ cells (Fig. 3A) , which represent early macrophage progenitor cells that stain positive for both CD11b and CD117 (49) . There were no B cells detectable in this cell fraction, as detected by FACS analysis using a B220 antibody (data not shown). After 9 days of differentiation, the amount of macrophages and osteoclasts from the CD117 ϩ and CD117 Ϫ fraction was quantified by FACS analysis (Fig. 3B and C) . In the CD117 ϩ sample, the CD11b ϩ cells now represented ca. 60% of all viable cells. However, these cells had not differentiated into osteoclasts (Fig. 3C) , nor did we detect further differentiation at later time points (data not shown), as controlled by the detection of RANK-positive cells. We therefore conclude that the CD117 ϩ fraction of cells contained a high number of immature macrophage progenitors that were maintained and probably expanded in the presence of PMT wt , without induction of cell differentiation. However, when the CD117 Ϫ population was characterized, we found a significantly smaller number of macrophages at day 9 of PMT wt cultivation (ca. 33%) but a large number of RANK-positive cells (45.2% versus 3.6% in CD117 ϩ cells) ( Fig. 3B and C ). Since the cell population sorted for CD117 expression did not contain any of the B cells that had been present after cultivation of unsorted bone marrow preparations, we hypothesized that the absence of B cells might be responsible for the inability of the CD117 ϩ population to efficiently generate osteoclasts. We therefore systematically depleted or enriched for B cells and macrophage populations using MACS cell purification and determined the generation of RANK-expressing osteoclasts after 14 days by FACS analysis. Figure 4 ϩ and CD117 Ϫ cells. After 9 days of stimulation with PMT wt (6.5 nM), the amounts of CD11b ϩ macrophages (B) and RANK ϩ osteoclasts (C) from the CD117 ϩ and CD117 Ϫ fractions were quantified by FACS analysis with specific antibodies. The indicated SD was calculated from three independent experiments (mean Ϯ SD; n ϭ 3). The statistical significance was assessed by using a paired Student t test ( * , P Ͻ 0.05; ** , P Ͻ 0.01).
FIG. 4. PMT-induced osteoclast generation is B-cell dependent.
FACS staining of osteoclasts was performed. Uisng MACS cell purification of B220 ϩ cells or CD11b ϩ cells or purification of both cell types, five different fractions (BMC mix, B220 Ϫ CD11b Ϫ , B220 ϩ , CD11b ϩ , and B220 ϩ CD11b ϩ cells) were generated. After 14 days of PMT wt stimulation, the cells were stained for the osteoclast marker RANK and analyzed by FACS. The results of the mean fluorescence of RANK-positive cells from two independent experiments, normalized to osteoclasts derived from bone marrow cells (100%), are shown. The indicated SD was calculated from the two experiments and is presented as a percentage of the control value (mean Ϯ SD; n ϭ 2). The statistical significance was assessed by using a paired Student t test ( * , P Ͻ 0.05; *** , P Ͻ 0.005).
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on October 2, 2017 by guest http://iai.asm.org/ teoclasts (6%). While B cells alone did not produce osteoclasts (5%), CD11b ϩ macrophages alone were able to produce a significant increase in the amount of osteoclasts (35%) compared to the positive control. However, only when we used a combination of purified B cells and macrophages was osteoclastogenesis efficient, yielding a RANK fluorescence of 75% of the positive control. Whether this decrease in RANK mean fluorescence in the B220 ϩ /CD11b ϩ population compared to our positive control (BMC) (75% versus 100%) was caused by the absence of stimulatory factors from other cells, or whether the purification procedure did not allow to restore the osteoclastic potential completely remained unclear.
Since it is known that cells of the immune system are able to influence osteoclast formation by secreting osteoclastic proteins, we further investigated whether PMT manipulates B cells so that they produce increased levels of osteoclastogenic factors. It is known that activated B lymphocytes secrete proinflammatory cytokines such as IL-1␤, IL-6, and TNF-␣ that are of great importance for osteoclast development (20, 25, 45) . We therefore performed quantitative real-time PCR to determine the amounts of cytokine mRNA in cells stimulated for 5 days with PMT wt or IL-7, as described in Materials and Methods. Figure 5A shows that PMT wt stimulates an increase in IL-1␤, IL-6, and TNF-␣ expression. The expression levels of IL-1␤ and IL-6 are 10 and 15-fold higher, respectively, compared to IL-7, while the expression levels of TNF-␣ was comparable between IL-7-generated and PMT wt -stimulated cells. ELISAs of supernatants obtained from these B cells corroborated the results also on the protein level and revealed an elevated secretion of IL-1␤, IL-6, and TNF-␣ (Fig. 5B) . B cells also produce RANKL, another TNF-␣ family member that stimulates differentiation of early osteoclast progenitors into mature osteoclasts (42) . RANKL expression was investigated using cells that were positive or negative for B220 ϩ . Cells were stimulated for up to 6 days with PMT wt and RNA was extracted at days 0, 4, and 6. As a control, IL-7-generated B cells were used, since IL-7 is known to induce expression of RANKL (52) . While the B-cell-negative cells (B220 Ϫ ) did not express RANKL, PMT wt -treated B220 cells (B220 ϩ ) expressed RANKL to levels comparable to IL-7-selected B cells. To confirm these data at the protein level, we performed FACS analysis using a RANKL-specific antibody and a PE-labeled secondary antibody. The histogram overlay of RANKL expression (Fig. 5D) shows that IL-7-and PMT-treated cells highly express RANKL and that the expression levels are comparable. Since RANKL is also expressed on the surface of osteoblasts (4), we wanted to exclude the possibility that the B220 ϩ cell population contained osteoblasts. We therefore stained cells obtained after purification with B220 magnetic beads (B220 ϩ ) with an antibody against OPN, a protein specifically expressed on osteoblasts (60) . As a positive control, we used the rat osteosarcoma cell line ROS 17/2.8. FACS analysis revealed that whereas ROS 17/2.8 cells express OPN (Fig. 5E , left panel), B220
ϩ selected cells are OPN negative (Fig. 5E , right panel) and are therefore free of any osteoblast impurity.
DISCUSSION
In this study we set out to define the process of osteoclast differentiation induced by Pasteurella multocida toxin. Since the bone destructive effect of PMT in atrophic rhinitis is a very striking phenotype, PMT is characterized as a toxin primarily acting on osteoclasts and osteoblasts. Therefore, many researchers focused on the effect of PMT on these specific cells (12, 30, 32, 50) , and only limited information is available on the effect of PMT on other hematopoietic cells. Jutras et al. showed that PMT is able to stimulate osteoclastogenesis of mononuclear, adherent murine bone marrow cells from mice (22) , suggesting that PMT acts on early osteoclast progenitor cells, such as macrophages that then differentiate into mature osteoclasts. However, these authors did not provide details on the mechanisms of this process. Using a porcine bone marrow differentiation model, Gwaltney et al. also report that fluorescently labeled PMT was mostly found in small round cells that did not appear to be macrophages or osteoclasts but rather resembled lymphoid cells (16) . Our data verify this hypothesis and, in cell cultures obtained from murine bone marrow cells cultivated with PMT in the absence of additional cytokines, we detected CD11b ϩ macrophages, RANK ϩ osteoclasts, as well as B220
ϩ /CD19 ϩ and B220 ϩ /IgM ϩ B cells. The uptake of PMT was detectable in both B cells and macrophages, as well as in other immune cells.
The comparatively new field of osteoimmunology investigates the cross talk between cells of the skeleton and the immune system (28) . It is hypothesized that perturbation of lymphoid cell differentiation can ultimately affect bone formation. It is therefore an intriguing question whether the known osteoclastic properties of this bacterial toxin result from PMTinduced changes of the lymphoid system rather than directly acting on the bone cells itself. This is supported by our findings that immature macrophages (CD117 ϩ /CD11b ϩ ) themselves are not able to undergo further differentiation in the presence of PMT and that macrophages (CD11b ϩ ) differentiate significantly more efficient in the presence of B cells (Fig. 4B) . In addition, we show that these B cells produce increased amounts of cytokines, such as IL-1␤, IL-6, TNF-␣, or RANKL, compared to IL-7-selected B cells. The cytokines detected are proinflammatory or osteoclastic cytokines, and aberrant expression of these cytokines has been linked to various human bone diseases. IL-1␤, or osteoclast activating factor, was the first cytokine being linked to bone resorption in idiopathic and postmenopausal osteoporosis (21) , and IL-1␤, TNF-␣, and IL-6 also play a critical role in several autoimmune diseases such as rheumatoid arthritis, spongyloarthropathies, osteomyelitis, or lupus erythematosus (1, 15, 46) . However, IL-1␤, TNF-␣, and RANKL not only promote osteoclast activity and osteoclastogenesis but also act as inhibitors of bone-growing osteoblasts (14, 34, 47) . Interestingly, PMT too, was described to have an inhibitory effect on the function of osteoblastic cells (32) . Therefore, the question whether PMT is more important for osteoclasts or osteoblasts might have to be discussed taking into account that both cell types are targets for factors secreted by the lymphoid system.
Apart from the inflammatory processes described above, tumors can contribute to osteolysis, for example, through bone lytic metastases (1); the most frequent cancer directly affecting the skeleton, however, is the plasma B-cell cancer multiple myeloma, where ca. 90% of the patients develop bone lesions (43) . It is also discussed that multiple myeloma cells might have osteoclastic potential or form multinucleated osteoclast-like cells (9, 48) , and it is clear that these cells show an upregulated secretion of osteoclastic factors such as TNF-␣, RANKL, and IL-6 (11) . The similarities to the phenotype we observed in PMT-treated B cells are remarkable and exist also on the level of molecular signaling events. Recently, we described PMT as a very potent antiapoptotic agent that upregulates the survival kinases Pim-1 and Akt, as well as a number of antiapoptotic molecules, such as Bcl-2 family members (41).
Multiple myeloma cells also fail to undergo apoptosis and accumulate in the bone marrow due to the upregulated expression of antiapoptotic molecules such as Bcl-2, Bcl-xL, and Mcl-1 and the decreased expression of proapoptotic molecules (55) . In addition, constitutive Akt and STAT3 activation was found in myeloma cell lines and patient cells, whereas these proteins were not found in nonmalignant hematopoietic cells from the same patient or in plasma cells from healthy individ- In addition, the secretion of these cytokines was measured by using the corresponding ELISA. Shown are representative results from at least three different experiments. (C) RANKL transcription levels. RANKL expression of B220 ϩ and B220 Ϫ cells was analyzed by quantitative RT-PCR using RANKL-specific primers and normalization to actin expression. The indicated SD was calculated from two independent experiments (mean Ϯ SD; n ϭ 2). Statistical significance of RANKL expression changes compared to samples on day 0 were assessed by using a paired Student t test ( * , P Ͻ 0.05). (D) RANKL protein expression levels. The surface expression of RANKL on IL-7-and PMT-treated B220 ϩ cells was analyzed by flow cytometry using an anti-RANKL and a PE-labeled secondary antibody. As a control, cells were stained with secondary antibody only. (E) OPN expression. B220 ϩ selected cells were stained with an osteopontin (OPN)-specific antibody and an FITC-labeled secondary antibody (right panel). As a positive control, ROS17/2.8 cells were used (left panel). The overlays in panels D and E were produced using Weasel v2.5 software. uals (7, 53) . The issue of whether PMT has immunomodulatory properties has been discussed by many researchers with respect to results obtained from vaccination studies. Despite the general structural similarity to other AB toxins such as cholera toxin or pertussis toxin, PMT was shown to be a poor adjuvant and to be able to suppress the mucosal adjuvant activity of cholera toxin (6) . Considering the fact that the immunogenicity of PMT increases when it is used as a toxoid (35, 56) , the existing data suggest that catalytically active PMT downregulates the host's immune response, and our studies highlight the importance of B cells as a target of PMT.
In the future it will be of great interest to identify the complete secretome produced by immune cells during PMT stimulation in order to determine the molecular events of PMTinduced osteoclastogenesis. It can be anticipated that PMT might be a valuable tool that could enable us to increase our understanding on the interplay between B cells and osteoclasts and to gain new insights into the development of human bone diseases. We thank Joachim Orth (Freiburg) for the kindly providing recombinant PMT and ROS 17/2.8 cells, Maik Mörmann (Heidelberg) for advice on osteoclast morphology, Jan Petersen (Freiburg) for help with fluorescently labeling PMT, and Anja Jäschke for excellent experimental assistance.
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